The laser radar (lidar) is capable of detecting weak concentrations of particulate in the lower atmosphere at ranges up to several kilometres. Through this technique, models of thermal convection and theories of particulate diffusion may be studied by observing the spatial and temporal changes in particulate concentration. A pulsed ruby lidar has been assembled at this University, with scanning optics located at an elevated position overlooking the city. Criteria have been evolved here for deriving profiles of extinction coefficient, and particulate number and mass concentration from the lidar signatures. Sample profiles of particulate concentrations are given for comparison with the design prediction of lidar sensitivity.
Introduction
Transfer by thermal convection in the lower atmosphere is the subject of this research project. This may involve the natural transfer of heat and water vapour between the ground and the air up to a few hundred metres above ground, or the tran,sfer of particulate from stacks and other man-made sources. There is growing acceptance of the thermal plume as the physical model in natural transfer (see, for example, Fanaki 1971) . This model in turn has been inspired by the visible plume commonly observed in the effluent from stacks.
Current theories on thermal plumes are either in the elementary formative stage or are applicable in the relatively simple environment of the open countryside. Examples of the natural plume are discussed by Kairnal and Businger ( 1970) , while Turner ( 1970) and Briggs ( 1969) refer to the visible plumes from stacks and similar sources. The urban area introduces new boundary conditions into the plume model. Pasquill (1972) , Egan and Mahoney (1972) and others discuss some of the analytical problems of diffusion prediction in the urban environment.
One method of studying thermal diffusion in the lower atmosphere uses the laser radar (lidar). In principle, the lidar is similar to the weather radar that is familiar to radar meteorologists. In essence, an outward travelling pulse of energy from a transmitter irradiates the atmosphere, while an adjacent receiver detects scattering of this radiation by components of the atmosphere. The lidar may operate at wavelengths in the ultraviolet, visible or infrared region, where scattering is due mainly to atmospheric molecules and particulate matter. In
Atmosphere Volume 1 1 Number 3 1973 particular, Raman scatter and scatter by resonance re-radiation permit identification of the scattering molecules, but the laser power currently available for these applications is relatively small and a very high degree of frequency selectivity is necessary in the receiver. On the other hand, elastic Rayleigh and Mie scattering do not provide for identification of the scattering molecules, but high laser power is available and the requirement for frequency selectivity in the receiver is modest. At the present time, lidars observing Raman scatter and resonance re-radiation are limited in practice to ranges of a few hundred metres. Lidars observing Mie and Rayleigh scattering, however, may probe the atmosphere horizontally at ranges up to about 10 km. Comprehensive discussions on these lidar principles are presented by Derr and Little ( 1970) and by Kildal and Byer (1971) .
The present project uses a lidar operating in the visible region to observe Mie scattering by atmospheric particulate. The lidar, located on the U.W.O. campus, is equipped with special optics that permit scanning in the horizontal over the City of London. The next section will describe the physical arrangement of this lidar and its design sensitivity. This will be followed by a discussion on the technique of analysis, including improvements developed by the writers. Finally, some preliminary results of these observations will be presented to illustrate the sensitivity of the lidar in detecting atmospheric particulate.
The lidar and field of view a Location
The roof-top position of the scanning optics provides a wide field of view over the city. This includes not only the city proper but also the northern suburbs and rural area. Only a 90-degree sector to the west is excluded by local buildings. From this observing point, the whole of the city lies within a radius of 10 km. With its population of 223,200, the city possesses many of the characteristics of urban areas frequently mentioned in diffusion studies elsewhere, including multiple heat islands and katabatic flow along the river valleys (Thomas, 1967) . Although the city's air quality generally is acceptable, London nevertheless has many point sources of industrial stack effluent and line sources along traffic arteries and the river. Upwind rural areas apparently also contribute to the general particulate concentration in the urban air.
b Lidar Fig. 1 shows a block diagram of the lidar. The components in the lower half are located in the laboratory, while the optics in the upper half are on the laboratory roof. The transmitter signal originates from a pulsed ruby laser at wavelength 0.6943 pm. This signal is conditioned and re-directed to the transmitter optics by a beam expander telescope. A precision turntable1 controls
Fig. 1 B a s i c c o m p o n e n t s of the r e s e a r c h lidar.
the transmitting mirror and the receiving telescope, whose axes intersect along the observing path. A photomultiplier at the receiving telescope responds to the scattered signal, and transmits this information to a recording receiver in the laboratory. At a range of 3 km, the spatial resolution of the lidar is a cylindrical volume approximately 10 m in length and 5 m in diameter. Additional details on the lidar are found in Hay et al. (1973) .
c Reference Aerosol
We now define a "reference aerosol" as a means of assessing the lidar sensitivity. In general, suspended particulates in the air have chemical compositions that depend upon their sources, the history of the conveying air mass, and upon ambient humidity. Through a study of numerous air samples, Barrett and BenDov (1967) and Bethke et al. (1970) have described a representative particulate. Its density is 1.8 g ~m -~, refractive index is 1.5, diameter has a Junge-type number/size distribution of exponent -4 within the range 0.04 to 10 pm, and mean particle mass is 8 x 10-9 pg. The mean back-scattering cross-section ( o R ) for this representative particulate at the lidar wavelength is 3.9 x 10-l6 m2 sr-l (McCormick et al. 1968) . The "reference aerosol", then, is a unit volume of dry air containing the number concentration p of particles with these characteristics. These characteristics of the reference aerosol may be related to the calibration of the lidar through two parameters of the basic lidar equation. One is the volume back-scattering coefficient of the reference aerosol, PR. Assuming single scattering by each particle, this is defined by Eqs. where m is the mass concentration of the aerosol particulate.
The second parameter is the extinction coefficient, aR, of the reference aerosol. This describes the depletion of energy from the progressing lidar wave through scatter in all directions by the suspended particulate. There is no simple, theoretical relationship between P R and a R for aerosol particles, but in the mean they may be related semi-empirically through the form of Eq. (3) (Collis, 1969) :
The constant k, is 0.485 according to Mie scattering theory for the reference aerosol at the lidar wavelength (McCormick et al., 1968) . On the other hand, k2 appears to depend upon system variables in a manner that has not yet been fully explored. Numerous experimental trials in the writers' laboratory suggest that k2 = 1.0 is acceptable for a limited range of lidar observations (Houston 1971; Hay et al., 1973) .
d Visibility One method of describing the atmospheric environment in which lidar observations are made is through reference to the optical visibility. Here, visibility (V) is defined in the conventional meteorological sense as the maximum range at which a dark target may be discerned against the horizon sky by a trained observer. Horvath (197 1 ) has demonstrated that the Koschmieder formula (where a is the extinction coefficient of the atmosphere2) is valid within close tolerances for specified conditions on the type of target and the sky illumination of the observing path. In addition, a is interpreted as the mean value over the length of the observing path. Thus, if the particulate loading of the air is uniform along a path observed by the lidar, the environmental extinction coefficient of Eq. (3) may be assigned a value through an auxiliary estimate of visibility and Eq. (4).
e Mmimum Range We next enquire about the ability of the lidar to observe a local concentration of particulate within an otherwise homogeneous environment. This is the -from clean dry air) ---idealized case of a plume from a point source rising in well-mixed air. For this purpose, we specify the environmental background through its visibility (V), and assume that V is not affected by the superimposed local plume.
The maximum range at which a plume of given concentration may be detected is found by combining Eqs. ( I ) , (2) and (4) with the lidar equation. Details on the latter may be found elsewhere (see, for example, Collis (1969) and Hay et al. (1973) ). The spectral radiance of the sky in the lidar field-of-view presents the minimum-signal limit at the lidar. Fig. 2 illustrates the minimum concentration of reference particles that may be detected at various ranges for visibilities from 1000 m to 50,000 m. In each case, the lidar signal scattered by aerosol particles must exceed that scattered from air molecules. In addition, the particle concentration within a localized plume must be greater than that of the environment in which it is embedded. For reference, the particle concentrations in representative clouds and hazes are noted on the ordinate scale. Measurements reported below indicate particle number concentrations within plumes in the range 5 X 101° to 5 X 1011 m-3 ("light haze" to "light water cloud"). Fig. 2 shows that these will be detectable by the lidar at ranges 6-12 km when the environmental visibility is 20 km. signature follows in three steps: manual tracing of the photographic record onto a standard format, photoelectric scaling of this tracing to digitize its coordinates, and computer analysis of the scaled coordinates to derive the profile of extinction coefficient or reference particle concentration from the lidar equation.
Several aspects of the analysis have been examined by the writers during the development of the computing procedure. These include the accuracy of hand tracing of the lidar signature, and the evaluation of the atmospheric extinction coefficient at a nearby reference range. Hitschfeld and Bordan (1954) have pointed out the need for accuracy in the latter, for the analogous case of weather radar observations on rainfall. For example, a 2-km error in estimating visibility at 16 km yields a 10 percent error in derived particle number concentration; the latter increases to 30 percent for the same error in visibility at 4 km. The application of Eq. ( 4 ) near the lidar with the aid of an optical visibility meter provides a means of reducing this error to an acceptable level. Other reports on this project give details of this analysis.
Lidar observations over the city were initiated in the Fall of 1972. A first analysis of these has demonstrated some noteworthy features of the concentration profiles. Fig. 3 shows an approximately uniform concentration of particulate during an interval of good visibility and mixing by moderately strong winds over the city. A rapid change in concentration profile is illustrated in Fig. 4 , where the two soundings were taken about one minute apart as a front with snow squalls approached the city. An invisible plume as detected by the lidar is shown in Fig. 5 ; this apparently is associated with the river in the city, since no other sources could be identified in the upwind direction. Fig. 6 indicates the extreme sensitivity of the lidar to particulate in visible plumes. Here, the source is a stack whose effluent concentration is of a magnitude seen commonly over the city. Comparison between Fig. 6 and Fig. 2 suggests that this plume could be detected at a range of 10 km when atmospheric visibility is 20 km.
Conclusions
It is clear from these preliminary soundings that the lidar is capable of observing ambient particulate concentrations and localized plumes over much of the city. These will support a study of thermal convection involving natural aerosol at closer ranges, and of particulate diffusion from point or extended sources at larger ranges.
